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( 1 and Fig. 1(a) ). These trends are primarily due to stricter air quality emission controls that 48 were first implemented some 50 years ago with the goal to reduce human exposure to NMHCs 49 and surface ozone. The regulations resulted in reduced emissions from sources, such as the 50 O&NG industries and automobiles, and a gradual decline of atmospheric NMHCs in urban air in 51 many developed countries and also in the background atmosphere [5] [6] [7] .
52
Ethane and methane are co-emitted from oil and natural gas (O&NG) sources. Ethane observa-53 tions have been used to attribute anthropogenic methane emission changes 7 . Having the long-54 est NMHC lifetime, on the order of 2 (summer) to 6 (winter) months, ethane is the NMHC ob-55 served with the least spatial and short-term variability in background air, making it the best 56 candidate species for studying hemispheric gradients and long-term changes. 57 We analyzed ten years of NMHC data collected at 44 remote global sampling sites from NOAA's 58 Global Greenhouse Gas Reference Network (GGGRN). We also include data from in-situ moni-59 toring at Summit, Greenland 8 , at Hohenpeissenberg (HPB) in Southern Germany 9 , Jungfraujoch (JFJ) and Rigi (RIG), Switzerland, and Cape Verde in the mid-Atlantic 10 . For propane, we further 61 included results from eight sites within NOAA's GGGRN (Methods).
62
Atmospheric NMHC display a dynamic seasonal and latitudinal behavior. Maxima are seen in 63 late winter, and minima in the summer (Fig. 1) . Sources of light NMHC do not vary much sea-64 sonally 11 ; seasonal cycles are primarily driven by photochemical loss. Consequently, seasonal 65 cycles exhibit the largest amplitude near the poles, are small near the equator (Fig. 2) , and are 66 shifted by ~6 months in the SH due to the opposite season. There is also a strong latitudinal 67 gradient of absolute values, with highest abundances observed in the Arctic, steeply declining 68 levels at mid-latitudes, and lower abundance in the SH. These gradients are caused by sources , and 10 sites exhibit growth rates between 25-50 pmol -1 yr -1 (Table S1 ).
82
Depending on grouping of sites and averaging across regions and calculation method a mean 83 NH ethane increase rate of 2.9 -4.7% yr -1 is calculated (Methods). one from JFJ ( Fig. 1(c) ) 12 , and the other one from Lauder, New Zealand ( Fig. 1(d) Fig. 1 10 . Uncertainties in the NMHC data are estimated to be ≤ 5% for results > 100 pmol mol -1 , and ≤ 5 pmol mol -1 for results <100 pmol mol -1 .
Detection limits are 2.6 and 1.6 pmol mol -1 for ethane and propane, respectively. Calibrations are linked to the WMO-VOC scale.
VOC measurements from North American tower sites. Glass flasks are also collected with automated samplers at tower sites across NA as part of the NOAA GGGRN. These samples are collected at a higher sampling frequency (~daily) and are analyzed at NOAA by GC/MS 11 . Reported molar ratios for propane are based on a suite of gravimetric standards prepared at NOAA; calibration consistency is maintained independently from INSTAAR. The resulting NOAA calibration scale for propane has been assessed in an international round-robin exercise and was found to be consistent within 5% to other internationally-recognized and well established scales 12 .
Data processing. At the time of the data processing final data from all considered sites until June 2014 (2014.5) were available, which was used as the cutoff of the analyses. The criterion for individual sites data to be included was that data were available for at least 50% of the sampling days for 2009.5-2014.5. Two flask network and three tower site data sets were excluded because they did not meet this criterion. Similarly, in-situ data from remote monitoring sites were included if data were available for at least 50% of the 2009.5 -2014.5 sampling dates.
NMHC data were first filtered for outliers; values that deviated more than 2 σ from a running median were excluded from trend analyses. Filtered data were then uploaded to the NOAA server for filtering and trend determination using the method of 13 Tables S1 and S2 . To avoid a bias from oversampling of the trend curve, its output was sampled only at times when retained flask data were available. These data were then subjected to the Mann-Kendall test 14 using a significance value of α = 0.01. Results (calculated P-values) are presented in column 12 of Tables S1 and S2.
Values < 0.01 reflect the rejection of the null-hypothesis that there is no trend. In these cases, the trend is found to be true at 99% confidence. Incidences where trends were found to be not EIC propane data were excluded because they showed influence from a local source. MWO propane data were excluded because a representative fit could not be drawn. A summary of trend results from all network flask, HATS, and in-situ observations is provided in Table S1 for ethane, and in Table S2 for propane.
Network flask -in-situ trend results evaluation. There is overlap of flask and in-situ VOC monitoring at two sites, i.e. SUM and HPB. The parallel observations at these two sites were used to evaluate the quality of the trend fit results from the weekly network flask measurements against the higher time resolution in-situ measurements. Details of these comparison studies will be presented in a forthcoming publication. In summary, these investigations showed that the less frequent flask records provide a good representation of the in-situ records, yielding trend results of the same magnitude ( Figure 3 ).
Average ethane trend calculations. There are 47 sites that met the requirements (>50 % data coverage for 2009.5 -2014.5) for inclusion in the trend analyses, with 31 of these sites in the NH. As can be seen in Tables S1, S2 , data coverage, quality of the correlation analyses, and trend results vary widely. We explored a number of methods for deriving an average NH ethane trend from these data. First, data from all sites, regardless of data coverage and quality of the regression fit, were treated equal. For sites with flask and in-situ data, the mean of both trend values was used (SUM and HPB). Sites were grouped by latitude zone, NH longitude, and continental/oceanic region, and average and median ethane trends were calculated from all sites within each region (Table S3) (Tables S1 and S2) . TIK is the site with the second lowest coverage of all sites that were included. Given the short record the uncertainty is much higher than for other sites.
Secondly, a mean NH ethane trend was calculated by weighing each individual trend result (Table M1) by the % coverage of the data, and the R 2 of the linear regression fit. For the two sites with flask and in-situ measurements the mean value of both trends, a 100% coverage value, and the sum of both R 2 values was used, to reflect the higher certainty from having two parallel results. The result of this analysis was a NH ethane increase rate of 4.7% yr -1 . This value is relatively strongly influenced by the two highest individual results from two sites in the central USA, , R 2 = 0.85). The mean weighted ethane rate of change from these North Atlantic sites accounts to 5.5% yr -1 . These comparisons point towards highest rates of ethane increase in the central to eastern USA, followed by the North Atlantic region.
The overall hemispheric ethane trend result of 4.7% yr -1 from the latter method using R 2 * coverage as a weighing factor is 0.4 -1.8% yr -1 higher than the regional results presented in Table   S3 . This possibly reflects a bias in the calculation as it places lower weight on sites with flat trends and corresponding low R 2 results.
The uncertainty (0.9%) of the best estimate of the ethane NH rate of change was determined as ½ of the range of the lowest (2.9%) to the highest value (4.7%) of the different types of regional trend determinations.
NMHC surfaces. Graphs in Figure 2 were derived using weekly data from the GGGRN sites. To reduce noise in the latitudinal distribution due to synoptic-scale atmospheric variability, records were fitted with a smooth curve 13 . We then used a data extension methodology 15 with important revisions 16 to produce a set of smoothed records, which are synchronized in time and have no temporal gaps. For each synchronized weekly time step, a latitude distribution (mole fraction versus sine of latitude) was constructed. Each value in the weekly distribution was assigned a relative weight using a strategy that assigns greater significance to sites with high signal-to-noise and consistent sampling. A curve was then fitted to each weekly weighted latitudinal distribution 17 . Scaling of methane to ethane. The methane/ethane emission ratio was determined as the median of available data from analyses of both compounds in USA O&NG regions (Table S5 ). We use 1/2 of the difference between the minimum and maximum value in the data as uncertainty interval (5.6). The methane emission estimation uncertainty interval was calculated by error propagation including uncertainties in the ethane growth rate, the ethane inventory emission, and the methane/ethane ratio.
Scaling of total NMHC to ethane calculation. There are few publications that report speciated NMHCs, and there are even fewer that include ethane, from O&NG source regions. Furthermore, some of the available literature studies suffer from measurements being influenced to variable degree by other contributing sources. We compiled published speciated NMHC/ethane emission ratios from O&NG development areas in Table S6 . Ambient air measurements were converted to relative mass emission ratios scaled to ethane. The contribution of missing NMHC to the total NMHC emission > C 2 was estimated by adding up the relative fractions of missing species reported in the 28 study and pro-rating the contribution of the missing species. There is a considerable amount of variability in these data, likely determined by the different NMHC emission ratios in different shale regions.
Among these data sets results from the Uintah Basin are likely of a relatively high representativeness for several reasons: 1. Despite the Uintah Basin having a low population density atmospheric VOC have been found to be highly elevated, dominated by emission from O&NG operations. In 2013 the basin had an estimated 4300 oil and 6900 gas producing wells, therefore emissions reflect a combination of both types of wells. did not consider an increase in methane emissions on ozone production. 2. We only considered estimated associated emissions of C2-C5, excluding NMHC > C5, which constitute ~10% of the total O&NG NMHC emission (Table M6) , and on average have higher reactivity and ozone production potential than the lighter NMHC. Furthermore, the scaling value applied here is below the mean of available observations (Table S6 ). 3. The applied ethane NH inventory flux of 9.9
Tg yr -1 is a significantly lower value compared to the most recent estimate (15 Tg yr -1 , as explained above and in 30 ). The model set-up was the same as in 27 , with the only exception of an augmented chemical scheme, which includes decomposition chemistry of simple hydrocarbons (i.e. n/i-butane and n/i-pentane) 31 . The model simulations adopted emissions from the RCP85 . Based on observed ambient air relative ratios of NMHC in source regions, see Table S6 , 0.30, 0.11, 0.08, 0.05 and 0.06 Tg yr -1 increases were prescribed to propane, n-butane, i-butane, n-pentane and ipentane, every year for five years, so that after five years the total emission increase was five times these listed emissions. Uncertainties in all scaling ratios propagate into the calculated ozone changes. The emissions map was based on shale O&NG wells distribution, available at http://frack.skytruth/org. Information used for generating this map is based on "voluntary disclosure reports submitted by oil and gas drilling operators" and relies on locations of more than 15,000 wells. We assumed that all wells emit the same amounts of NMHC, neglecting difference in wells size. Finally, the distributed map of the wells was aggregated in a 0.5 x 0.5 degree regular map, and emissions were scaled based on the well number density in each grid cell. The resulting emissions map, see Figure S1 , identifies regions that have experienced recent growth of O&NG development, with regions of large emission increases in the central and northeastern
USA.
Modeling results in Figure 4 show the differences in the ozone molar fraction between model results from the simulation CONST and TREND. Please note that these results are based on constant emissions of other precursors, including those of nitrogen oxides (NO x ). Decreasing trends of NO x over the USA and of VOC in urban areas have led to a general decrease of ozone in many urban regions. Omission of these effects will cause a high bias of the ozone changes that were calculated here. Consequently, these model results should be considered as preliminary results, providing an indication of the direction of ozone effects from added O&NG emissions and taken as motivation for more in depth modeling of the net effect resulting from these emission changes.
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